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ABSTRACT 

This  memorandum summarizes a s tudy  of  t h e  CSI/CDH 

of motion and 
rendezvous p r o f i l e  as it could be  a p p l i e d  t o  AAP. The s tudy  
has  been performed us ing  both conic  equa t ions  
a FORTRAN v e r s i o n  of  t h e  Apollo on-board CSI/CDH and TPI 

d e f i n e  t h e  phasing c a p a b i l i t y  o f  t h e  CSI/CDH rendezvous 
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t a r g e t i n g  r o u t i n e s .  The purpose of t h e  s tudy  has  been t o  

cl vr*2 

1. The t i m e  from C S I  t o  CDH can be approximated by - m  * 
2755 seconds m u l t i p l i e d  by t h e  number (N) of  H M W V I  

The p r i n c i p a l  conclus ions  a r e :  

i n  c o e l l i p t i c  o r b i t  i s  determined by t h e  d e s i r e d  
C S I  t o  T P I  t i m e  minus t h e  t i m e  from CSI t o  CDH 
(N x 2755).  

2.  I n  o r d e r  t o  a l low 1800  seconds i n  c o e l l i p t i c  
o r b i t ,  t h e  C S I  po in t  must be a t  l e a s t  96  nm 
behind t h e  t a r g e t  v e h i c l e  t o  a l low f o r  one w e  
h a l f  p e r i o d  from C S I  t o  CDH,  and a t  l ea s t  1 4 1  nm 
behind i n  o r d e r  t o  a l low f o r  two h a l f  p e r i o d s  
from C S I  t o  CDH. VI 

For each a d d i t i o n a l  second d e s i r e d  i n  c o e l l i p t i c  
o r b i t ,  t h e  d i s t a n c e  behind a t  C S I  must be 0 

two h a l f  p e r i o d  p r o f i l e s .  W 
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3 .  

-a i n c r e a s e d  by 0.01695 nm f o r  bo th  t h e  one and 

4. Conclusions 2 and 3 as r e l a t e d  t o  t h e  p r o f i l  
w i th  one h a l f  per iod from C S I  t o  CDH are f o r  
t h e  c a s e  of  C S I  occur r ing  a t  t h e  c o e l l i p t i c  
a l t i t u d e .  For each n a u t i c a l  m i l e  t h a t  t h e  C 
a l t i t u d e  i s  l o w e r e d ,  t h e  d i s t a n c e  behind a t  
CSI must i n c r e a s e  by 2 .33  nm. 
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5. Conclusions 2 and 3 ,  a s  r e l a t e d  t o  t h e  p r o f i l e  
w i th  t w o  h a l f  pe r iods  from CSI t o  CDH, are f o r  
t h e  case where the p e r i g e e  of t h e  CSI t o  CDH 
o r b i t  i s  a t  t h e  c o e l l i p t i c  a l t i t u d e .  For each 
5 nm of d i f f e r e n c e  i n  d i s t a n c e  behind a t  C S I ,  
t h e  p e r i g e e  a l t i t u d e  must be  changed by 1 nm. 
I n c r e a s i n g  t h e  d i s t a n c e  behind a t  CSI lowers 
t h e  r e q u i r e d  pe r igee  a l t i t u d e .  
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I. Introduction 

This memorandum summarizes a study of the CSI/CDH 
and TPI coelliptic rendezvous profile as it could be applied 
to AAP rendezvous. The primary purpose has been to define 
the phasing capability and effectiveness of the CSI/CDH type 
of rendezvous profile. In this way future comparisons with 
other rendezvous targeting routines, suitable for AAP, will 
be possible.* The study has been performed in conjunction 
with tests of a UNIVAC 1108 version of the Apollo on-board 
targeting routines.** 

The rendezvous trajectories for AAP CSM missions 
will require several orbits and include phasing and/or 
height maneuvers followed by a coelliptic rendezvous profile. 
The inclusion of phasing and height maneuvers is to allow 
for longer launch windows, and the CSI/CDH maneuvers then 
act in a vernier capacity to insure arrival at a nominal TPI 
point, and thus provide a consistent terminal phase for the 
rendezvous. This study was made to determine the ability of 
the CSI/CDH rendezvous profile to effect a rendezvous when 
given phasing dispersions in relative downrange position with 
respect to the target vehicle at CSI time and dispersions in 
time of arrival at the CSI point. Thus the study is designed 
to determine the rendezvous phasing capability of the CSI/CDH 
rendezvous profile rather than a sensitivity analysis of small 
position and velocity errors and Av execution errors. 

Section I1 contains a description of the CSI/CDH 
and TPI targeting routines, and identifies the input and output 
data. Section 111 describes the rendezvous problem which has 
been investigated in this memorandum, and Section IV contains 

*The authors are presently performing studies with other 
coelliptic targeting routines and will report these results 
in future memoranda. 

**The UNIVAC 1108 version of the CSI/CDH and TPL targeting 
routines are described in Apollo GSOP(l) and have been written 
jointly by the authors and G. J. Miel (2011). 
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a g e n e r a l  d e s c r i p t i o n  of two p o s s i b l e  rendezvous p r o f i l e s  
which can be t a r g e t e d  w i t h  t h e  CSI/CDH r o u t i n e s .  S e c t i o n s  
V and V I  d i s c u s s  a n a l y t i c a l  and s i m u l a t i o n  r e s u l t s  of t h e s e  
t w o  p r o f i l e s  and S e c t i o n  V I 1  d i s c u s s e s  t h e  conclus ions .  

11. CSI/CDH and TPI  Targe t ing  

This  sec t ion  i s  in tended  t o  g i v e  a b r i e f  d e s c r i p t i o n  
of t h e  maneuvers a s s o c i a t e d  with a CSI/CDH-targeted c o e l l i p t i c  
rendezvous. References ( 1 - 4 )  p rovide  a d d i t i o n a l  d e t a i l s  and, 
i n  p a r t i c u l a r ,  Reference  ( 3 )  d e s c r i b e s  t h e  phi losophy of t h e  
c o e l l i p t i c  rendezvous p r o f i l e .  

The Apollo on-board t a r g e t e d  c o e l l i p t i c  rendezvous 
c o n s i s t s  of  t h r e e  maneuvers: 

1. C o e l l i p t i c  Sequence I n i t i a t i o n  ( C S I )  - a phasing 
and/or CDH h e i g h t  adjustment  maneuver. 

2. Constant  D i f f e r e n t i a l  A l t i t u d e  (CDH) - a maneuver 
t o  p l a c e  t h e  a c t i v e  v e h i c l e  i n t o  a c o e l l i p t i c  
o r b i t  w i th  r e s p e c t  t o  t h e  t a r g e t  o r b i t .  

3 .  Terminal Phase I n i t i a t i o n  ( T P I )  - a maneuver t h a t  
t e r m i n a t e s  t h e  c o e l l i p t i c  o r b i t  and e s t a b l i s h e s  
an i n t e r c e p t  pa th .  

The i n p u t s  t o  t h e  C S I  t a r g e t i n g  r o u t i n e s  are t h e  
t i m e  of t h e  C S I  maneuver, the  number of h a l f  pe r iods  between 
C S I  and CDH, t h e  d e s i r e d  l i n e - o f - s i g h t  a n g l e  from t h e  a c t i v e  
t o  t h e  p a s s i v e  v e h i c l e  a t  T P I  (measured from t h e  h o r i z o n t a l  
p l ane  of t h e  a c t i v e  v e h i c l e ) ,  and t h e  t i m e  o f  t h e  T P I  maneuver. 
The C S I  t a r g e t i n g  r o u t i n e  i t e r a t e s  on the  magnitude of a 
h o r i z o n t a l  A V  a t  t h e  CSI maneuver t i m e .  A f t e r  each t r i a l  
Av, t h e  a c t i v e  v e h i c l e  s t a t e  i s  advanced t h e  s p e c i f i e d  number 
of h a l f  p e r i o d s  t o  determine t h e  t i m e  a t  which t h e  CDH 
maneuver i s  t o  be performed. The r e q u i r e d  CDH maneuver i s  
performed and t h e  a c t i v e  s t a t e  i s  t h e n  advanced t o  t h e  
s p e c i f i e d  T P I  t i m e .  The e l e v a t i o n  ang le  e x i s t i n g  a t  T P I  is  
compared wi th  t h e  r e q u i r e d  e l e v a t i o n  angle  and a change t o  
t h e  CSI Av i s  computed by means of  a Newton-Raphson i t e r a t i o n  
technique .  The i t e r a t i o n  process  con t inues  u n t i l  t h e  
s p e c i f i e d  e l e v a t i o n  angle  i s  ob ta ined  a t  t h e  s p e c i f i e d  T P I  
t i m e .  
h o r i z o n t a l  av a t  CSI t i m e ,  and t h e  computed t i m e  a t  w h i c h - C D H  
w i l l  occu r .  

The o u t p u t  of t h e  C S I  t a r g e t i n g  r o u t i n e  i s  t h e  r e q u i r e d  
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There a r e  two op t ions  a v a i l a b l e  t o  t h e  u s e r  w i t h  
r e s p e c t  t o  computing t h e  t ime of CDH i n  t h e  CSI t a r g e t i n g  
r o u t i n e .  I n  both  cases t h e  conic  p e r i o d  of t h e  o r b i t  i s  
computed a f t e r  impuls ive ly  applying t h e  h o r i z o n t a l  C S I  Av. 
For o p t i o n  one t h e  t i m e  of CDH i s  t h e n  computed a s  t h e  t i m e  
of C S I  p l u s  t h e  s p e c i f i e d  number of conic  h a l f  pe r iods .  
Thus i f  CSI i s  n o t  a t  an aps ide  of  t h e  o r b i t ,  CDH w i l l  a l so  
occur  a t  a p o i n t  o t h e r  t han  a t  an a p s i d e  of t h e  o r b i t .  

The second o p t i o n  a l s o  allows t h e  u s e r  t o  i n i t i a t e  
CSI a t  an a r b i t r a r y  p o i n t  on t h e  o r b i t ;  however, CDH i s  
c o n s t r a i n e d  t o  occur  a t  one of t h e  a p s i d e s  of  t h e  o r b i t  
r e s u l t i n g  from t h e  C S I  maneuver. In t h i s  mode, t h e  d e l t a  
t i m e  from t h e  C S I  s ta te  t o  t h e  nearest  p e r i f o c u s  of t h e  
o r b i t  i s  computed. T h i s  d e l t a  t i m e  i s  p o s i t i v e  o r  n e g a t i v e  
r e s p e c t i v e l y  i f  t h e  C S I  s t a t e  i s  approaching o r  has passed 
t h e  nearest  p e r i f o c u s .  The t i m e  of CDH i s  then  computed as 
t h e  t i m e  o f  C S I  p lus  t h e  s p e c i f i e d  number of  h a l f  p e r i o d s  
p l u s  t h e  d e l t a  t i m e  t o  n e a r e s t  p e r i f o c u s .  T h i s  mode of 
o p e r a t i o n  is a c t u a l l y  t h e  o r i g i n a l  v e r s i o n  of t h e  on-board 
C S I / C D H  t a r g e t i n g  r o u t i n e .  I f  C S I  should occur  near  apofocus 
of t h e  o r b i t ,  t hen  t h i s  mode of t a r g e t i n g  can become u n s t a b l e  
and r e s u l t  i n  no s o l u t i o n .  

The CDH r o u t i n e  i s  c a l l e d  a f t e r  performing t h e  
C S I  maneuver w i t h  t h e  t i m e  a t  which t h e  CDH maneuver i s  
t o  occur  as an i n p u t  parameter.  The t i m e  o f  CDH was computed 
and ou tpu t  by t h e  C S I  t a r g e t i n g  r o u t i n e ;  however, it i s  
p o s s i b l e  f o r  t h e  c r e w  t o  s p e c i f y  a CDH t i m e  which i s  d i f f e r e n t .  
In any c a s e ,  t h e  CDH r o u t i n e  c a l c u l a t e s  t h e  Av r e q u i r e d  f o r  
t h e  a c t i v e  v e h i c l e  t o  go i n t o  a c o e l l i p t i c  o r b i t  w i th  r e s p e c t  
t o  t h e  t a r g e t  o r b i t  a t  t h e  s p e c i f i e d  CDH t i m e .  

A c o e l l i p t i c  o r b i t  i s  one i n  which  t h e  d i f f e r e n t i a l  
a l t i t u d e  ( A H )  between t h e  a c t i v e  and p a s s i v e  o r b i t ,  as measured 
a long  a r a d i a l  l i n e  from t h e  f o c u s ,  i s  c o n s t a n t  throughout  t h e  
o r b i t .  Taking AH t o  be p o s i t i v e  f o r  an a c t i v e  o r b i t  a l t i t u d e  
below t h e  p a s s i v e  o r b i t  a l t i t u d e ,  and n e g a t i v e  f o r  a h ighe r  
a c t i v e  o r b i t  a l t i t u d e ,  t h e  fo l lowing  c o n d i t i o n s  must be s a t i s f i e d  
a t  t h e  conclus ion  of  t h e  CDH maneuver: 

1. The semi-major ax i s  of t h e  a c t i v e  v e h i c l e  must be 
equa l  t o  t h e  semi-major a x i s  of t h e  p a s s i v e  o r b i t  
minus t h e  c o e l l i p t i c  a l t i t u d e  d i f f e r e n c e  AH. 

2 .  The product  of t he  semi-major a x i s  and e c c e n t r i c i t y  
of t h e  a c t i v e  v e h i c l e  o r b i t  must equa l  t h e  same 
product  for  t h e  t a r g e t  o r b i t .  

3 .  The l i n e  of aps ides  of t h e  two o r b i t s  must be a l i g n e d .  



BELLCOMM, INC. - 4  

Reference ( 4 )  g i v e s  an  exce l l en ,  d e r i v a t i o n  f t h e  r e q u i r e d  
c o n d i t i o n s  f o r  o b t a i n i n g  a c o e l l i p t i c  o r b i t ,  and Reference (1) 
g i v e s  t h e  equa t ions  as implemented i n  t h e  on-board computer. 
I n  g e n e r a l ,  t h e  CDH maneuver can have both  a v e r t i c a l  and a 
h o r i z o n t a l  component of Av. 

A f t e r  ach iev ing  a c o e l l i p t i c  o r b i t ,  t h e  T P I  t a r g e t i n g  
r o u t i n e  i s  c a l l e d  t o  determine t h e  Av r e q u i r e d  f o r  i n t e r c e p t .  
There are t w o  end c o n d i t i o n s  which s p e c i f y  t h e  T P I  p o s i t i o n :  
f i r s t ,  t h e  d e s i r e d  l i ne -o f - s igh t  e l e v a t i o n  ang le  from t h e  
a c t i v e  t o  t h e  p a s s i v e  v e h i c l e ,  and second, t h e  t i m e  o f  T P I .  
Both of t h e s e  end c o n d i t i o n s  w e r e  s a t i s f i e d  i n  t h e  CSI t a r g e t i n g .  
Due t o  p o s s i b l e  execu t ion  or n a v i g a t i o n  e r r o r s  i n  t h e  C S I  and 
CDH maneuvers, it may b e  impossible  t o  s imul taneous ly  s a t i s f y  
bo th  end c o n d i t i o n s  a t  T P I .  Thus, e i t h e r  t h e  t i m e  o f  T P I ,  o r  
t h e  d e s i r e d  T P I  e l e v a t i o n  a n g l e  i s  i n p u t  t o  t h e  T P I  t a r g e t i n g  
r o u t i n e  a s  t h e  c r i t e r i o n  f o r  execu t ing  T P I .  The o t h e r  parameter  
i s  determined and o u t p u t  along wi th  t h e  r e q u i r e d  Av a t  T P I  f o r  
i n t e r c e p t .  

One impor tan t  po in t  i s  t h a t  t h e  on-board CSI/CDH 
t a r g e t i n g  r o u t i n e s ,  and t h e  UNIVAC 1108 v e r s i o n  of these 
r o u t i n e s  use c o n i c  r o u t i n e s  o t h e r  t h a n  p r e c i s i o n  i n t e g r a t i o n  
r o u t i n e s .  Thus t h e  t a r g e t i n g  r e s u l t s  can be incorrect when 
a p p l i e d  t o  s t a t e  v e c t o r s  which a r e  i n t e g r a t e d  wi th  a f u l l  
g r a v i t y  model. This  a s p e c t  of t h e  problem i s  c u r r e n t l y  being 
i n v e s t i g a t e d  by t h e  a u t h o r s  and w i l l  be  r e p o r t e d  i n  a l a t e r  
memorandum. I n  o r d e r  t o  be c o n s i s t e n t  i n  t h i s  memorandum, 
a l l  s i m u l a t i o n  runs  involv ing  use  of t h e  t a r g e t i n g  r o u t i n e s  
have been performed us ing  a c e n t r a l  body g r a v i t a t i o n a l  model 
w i thou t  o b l a t e n e s s  and o t h e r  p e r t u r b i n g  e f f e c t s .  

111. Problem DescriDtion 

A complete coe l l i p t i c  rendezvous s tudy  begins  w i t h  
t h e  s p e c i f i c a t i o n  of  t h e  nominal c o n d i t i o n s  r e q u i r e d  a t  T P I ,  
i . e . ,  t h e  s p e c i f i e d  l i n e - o f - s i g h t  e l e v a t i o n  ang le  and d e s i r e d  
v a l u e  of  AH ( t h e  c o e l l i p t i c  h e i g h t  d i f f e r e n c e ) .  These parameters  
a r e  s e l e c t e d  so t h a t  t h e  te rmina l  phase of t h e  rendezvous w i l l  
be  as i n s e n s i t i v e  a s  p o s s i b l e  t o  t r a j e c t o r y  d i s p e r s i o n s  a t  t h e  
T P I  p o i n t  (see Reference 3 ) .  

Based upon previous rendezvous expe r i ences ,  MSC 
rendezvous a n a l y s e s ,  and the  former AAP b a s e l i n e  m i s s i o n ,  
t h e  fo l lowing  nominal c o e l l i p t i c  rendezvous c o n d i t i o n s  w e r e  
s e l e c t e d  f o r  s tudy:  

1. t a r g e t  o r b i t  is  a 220  nm c i r c u l a r  o r b i t ,  

2 .  c o e l l i p t i c  o r b i t  10  nm below t h e  t a r g e t  o r b i t ,  

3. l i n e - o f - s i g h t  e l e v a t i o n  ang le  a t  T P I  of twenty- 
e i g h t  d e g r e e s ,  and 
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4 .  d e s i r e d  t i m e  i n  t h e  c o e l l i p t i c  o r b i t ,  AT ( t h e  t i m e  
from CDH t o  T P I ) ,  between t h i r t y  and s i x t y  minutes .  

The th i r ty -minu te  minimum t i m e  i n  t h e  c o e l l i p t i c  o r b i t  allows 
adequate  t i m e  f o r  t r a c k i n g  between t h e  CDH and T P I  maneuvers, 
wh i l e  t h e  s ixty-minute  maximum t i m e  p r e v e n t s  v e l o c i t y  errors 
a t  CDH from producing s i g n i f i c a n t  e r r o r s  a t  T P I .  

During t h e  AAP rendezvous, t h e  CSM w i l l  probably be 
i n s e r t e d  i n t o  an 8 1  x 1 2 0  nm o r b i t  and may r e q u i r e  up t o  
s i x t e e n  o r b i t s  f o r  rendezvous. I n i t i a l  phasing and h e i g h t  
maneuvers w i l l  be  t a r g e t e d  by t h e  ground and implemented by 
t h e  CSM. A t  t h e  conclus ion  of t h e s e  i n i t i a l  maneuvers, t h e  
CSM should be a b l e  t o  complete t h e  rendezvous us ing  i t s  on- 
board CSI /CDH and T P I  t a r g e t i n g  r o u t i n e s .  
t h i s  s tudy  i s  then  t o  d e f i n e  t h e  range i n  r e l a t i v e  phase and 
r e l a t i v e  a l t i t u d e  of  t h e  a c t i v e  v e h i c l e  w i t h  r e s p e c t  t o  t h e  
p a s s i v e  v e h i c l e ,  a t  t h e  C S I  maneuver, and t h e  range  of t i m e  
f r o m  CSI t o  T P I  for  which  the  on-board t a r g e t i n g  r o u t i n e s  are 
e f f e c t i v e .  This  w i l l  then  d e f i n e  what accuracy i s  expected 
of t h e  ground-targeted maneuvers. 

The purpose of 

I t  w i l l  be  assumed here t h a t  a l l  phasing and h e i g h t  
maneuvers and t h e  C S I  maneuver w i l l  be performed a t  an a p s i d a l  
c r o s s i n g ,  and t h a t ,  a l l  of t h e s e  maneuvers w i l l  c o n s i s t  of 
h o r i z o n t a l  v e l o c i t y  changes. F u r t h e r ,  t h e  CSI/CDH t a r g e t i n g  
r o u t i n e  w i l l  o p e r a t e  i n  mode one a s  d i scussed  i n  t h e  prev ious  
s e c t i o n  so t h a t  t h e  CDH maneuver w i l l  a l s o  occur  a t  an  a p s i d a l  
p o i n t .  

I V .  CSI /CDH Rendezvous P r o f i l e s  

F igure  1 i l l u s t r a t e s  t h e  two ways i n  which t h e  
C S I / C D H  t a r g e t i n g  r o u t i n e s  can be used based upon t h e  problem 
d e s c r i p t i o n  of t h e  p rev ious  s e c t i o n .  T h i s  f i g u r e  shows t h e  
t r a j e c t o r y  of t h e  a c t i v e  v e h i c l e  i n  a l o c a l  v e r t i c a l  cu rv i -  
l i n e a r  system, cen te red  i n  t h e  t a r g e t  v e h i c l e .  The t a r g e t  
v e h i c l e  i s  assumed t o  be  i n  a c i r c u l a r  o r b i t ,  and t h e  h o r i z o n t a l  
a x i s  r e p r e s e n t s  t h e  a c t u a l  o r b i t  of t h e  t a r g e t  v e h i c l e .  This  
c o o r d i n a t e  system w i l l  be used f o r  a l l  f i g u r e s  which i l l u s t r a t e  
r e l a t i v e  p o s i t i o n .  

I n  F igure  l a ,  a he igh t  maneuver ( N H )  i s  performed 
which causes  an apogee i n  t h e  o r b i t  of t h e  a c t i v e  v e h i c l e  t o  
occur  a t  a s p e c i f i e d  d i s t a n c e ,  AH, below t h e  o r b i t  of t h e .  
t a r g e t  v e h i c l e .  The CSI maneuver i s  t o  occur  a t  t h i s  apogee 
and t h e  CDH maneuver i s  t o  occur an even number of o r b i t a l  
h a l f  p e r i o d s  l a t e r .  The f i g u r e  i l l u s t r a t e s  t h e  case of two 
h a l f  p e r i o d s .  For t h i s  p r o f i l e ,  t h e  c o e l l i p t i c  h e i g h t  
d i f f e r e n c e  ( A H )  i s  f i x e d  by t h e  NH maneuver, and t h e  C S I  
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maneuver i s  used only  as a phasing maneuver t o  s a t i s f y  t h e  
d e s i r e d  t e r m i n a l  c o n d i t i o n s  a t  T P I .  

I n  F igu re  l b ,  a maneuver which can e i t h e r  be  a 
phasing maneuver (“21) o r  a h e i g h t  maneuver (NH)  i s  performed 
first.  Again, t h e  C S I  maneuver occur s  a t  t h e  apogee of t h e  
new o r b i t .  The CDH maneuver w i l l  occur  an odd number of 
h a l f  p e r i o d s  a f t e r  C S I  (shown as one h a l f  pe r iod  i n  t h e  f i g u r e ) .  
For t h i s  p r o f i l e ,  t h e  AH o f  t he  c o e l l i p t i c  o r b i t  i s  a d j u s t e d  
a u t o m a t i c a l l y  by t h e  C S I  i t e r a t i o n s  so t h a t  t h e  end c o n d i t i o n s  
a t  T P I  w i l l  be  s a t i s f i e d .  The  p r o f i l e s  of  F igu res  l a  and l b  
w i l l  be r e f e r r e d  t o  as cons t r a ined  AH,  and uncons t ra ined  AH 
c o e l l i p t i c  rendezvous r e s p e c t i v e l y  i n  t h e  remainder of  t h i s  
memorandum. 

V. Const ra ined  AH C o e l l i p t i c  Rendezvous 

F igure  2 shows s imula t ion  r e s u l t s  f o r  a C S I / C D H  
t a r g e t e d  rendezvous f o r  a C S I  r e l a t i v e  p o s i t i o n  of  245 nm 
behind t h e  t a r g e t  v e h i c l e  and a c o e l l i p t i c  AH h e i g h t  of t e n  
n a u t i c a l  m i l e s .  The f i g u r e  i l l u s t r a t e s  t h e  e f f e c t  upon t h e  
r e s u l t i n g  t r a j e c t o r y  when the  AT from C S I  t o  T P I  i s  v a r i e d .  

t h a t  t h e  r e q u i r e d  catch-up r a t e  of t h e  a c t i v e  v e h i c l e  i s  
e q u a l  t o  t h e  c o e l l i p t i c  catch-up rate.  Thus, t h e  C S I  
maneuver r e s u l t s  i n  t h e  a c t i v e  v e h i c l e  achiev ing  a c o e l l i p t i c  
t r a j e c t o r y  and t h e  v e h i c l e  c o a s t s  t o  T P I  wi thout  a CDH 
maneuver. 

For t r a j e c t o r y  A ,  t h e  AT from C S I  t o  T P I  i s  such 

For t r a j e c t o r y  B ,  t h e  AT from C S I  t o  T P I  i s  such 
t h a t  t h e  r e q u i r e d  catch-up r a t e  from C S I  t o  CDH i s  equa l  
t o  t h e  catch-up ra te  p r i o r  t o  C S I .  Thus, t h e r e  i s  no change 
i n  v e l o c i t y  r e q u i r e d  a t  C S I  and t h e  Av a t  CDH is such as t o  
ra ise  t h e  p e r i g e e  a l t i t u d e  t o  t h e  c o e l l i p t i c  h e i g h t .  

t r a j e c t o r y  A; t h u s ,  t h e  a c t i v e  v e h i c l e  must dec rease  i t s  
CSI-CDH catch-up r a t e  r e l a t i v e  t o  t h e  c o e l l i p t i c  catch-up 
ra te .  To do t h i s ,  t h e  CSI maneuver i n c r e a s e s  t h e  semi-major 
a x i s  of t h e  a c t i v e  v e h i c l e  t o  g r e a t e r  than  t h e  semi-major 
a x i s  of t h e  c o e l l i p t i c  o r b i t .  The CDH maneuver i s  then  
performed an  o r b i t  l a t e r  a t  t h e  proper  a l t i t u d e  and t h e  
v e h i c l e  coasts t o  T P I  i n  the  c o e l l i p t i c  o r b i t .  The e x t r a  
Av a t  C S I  r e q u i r e d  t o  r a i s e  t h e  a c t i v e  v e h i c l e  apogee above 
t h e  c o e l l i p t i  o r b i t  a l t i t u d e  and then  lower t h e  apogee t o  

For t r a j e c t o r y  C ,  AT i s  g r e a t e r  than  t h a t  f o r  
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t h e  c o e l l i p t i c  h e i g h t  a t  CDH i s  a p e n a l t y  r e s u l t i n g  from 
improper phasing maneuvers p r i o r  t o  C S I .  These ear l ie r  
phasing maneuvers should have p l aced  t h e  CSI p o i n t  f u r t h e r  
from t h e  t a r g e t ,  o r  caused t h e  a r r iva l  a t  t h e  g iven  C S I  
p o s i t i o n  t o  be a t  a l a t e r  t i m e .  

T r a j e c t o r y  D i s  a l s o  a r e s u l t  of improper phasing 
a t  C S I .  The CSI maneuver must increase t h e  catch-up ra te  
between C S I  and CDH ove r  t h e  catch-up ra te  p r i o r  t o  CSI. 
Thus t h e  CSI maneuver r e s u l t s  i n  lowering t h e  p e r i g e e  of t h e  
o r b i t .  The CSI maneuver and t h e  Av a t  CDH t o  r a i s e  t h e  
p e r i g e e  t o  i t s  o r i g i n a l  he igh t  i s  a Av p e n a l t y .  I n  o r d e r  
t o  avoid t h e  Av p e n a l t y ,  t h e  C S I  p o i n t  should have been 
closer t o  t h e  t a r g e t  v e h i c l e ,  o r  t h e  C S I  maneuver should 
have occurred  ear l ie r  i n  t i m e .  

T r a j e c t o r y  E r e p r e s e n t s  a d e s i r a b l e  p r o f i l e .  The 
a c t i v e  v e h i c l e  must have a catch-up r a t e  i n  t h e  CSI t o  CDH 
p o r t i o n  of  t h e  t ra jec tory  which i s  g r e a t e r  t h a n  t h e  c o e l l i p t i c  
catch-up rate,  b u t  which i s  less than  t h e  catch-up r a t e  p r i o r  
t o  C S I .  The C S I  maneuver then r a i s e s  p e r i g e e  so t h a t  t h e  
r e s u l t i n g  s e m i - m a j o r  a x i s  i s  less than  t h e  c o e l l i p t i c  s e m i -  
major a x i s ,  b u t  g r e a t e r  than  t h e  o r i g i n a l  semi-major a x i s .  
F i n a l l y ,  t h e  CDH maneuver r a i s e d  t h e  p e r i g e e  t h e  remainder 
of t h e  d i s t a n c e  t o  t h e  c o e l l i p t i c  a l t i t u d e .  

The p e r i g e e  a l t i t u d e  p r i o r  t o  C S I  i n  F igure  2 has  
been chosen a r b i t r a r i l y  t o  i l l u s t r a t e  Av p e n a l t y .  The 
s i g n i f i c a n t  p o i n t  i s  t h a t  as long as t h e  C S I  maneuver r a i s e s  
p e r i g e e  t o  some a l t i t u d e  between t h e  o r i g i n a l  p e r i g e e  a l t i t u d e  
and t h e  c o e l l i p t i c  a l t i t u d e ,  and CDH raises t h e  p e r i g e e  
a l t i t u d e  t h e  remainder of t h e  d i s t a n c e  t o  t h e  c o e l l i p t i c  
a l t i t u d e ,  t h e n  t h e  t o t a l  Av a t  C S I  and CDH w i l l  be  
c o n s t a n t  r e g a r d l e s s  of t h e  r e s u l t i n g  i n t e r m e d i a t e  p e r i g e e  
a l t i t u d e .  If t h e  C S I  maneuver must e i t h e r  lower p e r i g e e  
below t h e  p e r i g e e  a l t i t u d e  p r i o r  t o  C S I  o r  raise t h e  o r i g i n a l  
p e r i g e e  above t h e  c o e l l i p t i c  a l t i t u d e  then  t h e  t o t a l  av f o r  
t h e  C S I  and CDH maneuvers w i l l  i n c r e a s e .  This  can a l s o  be 
seen  by r e f e r r i n g  t o  F igure  3 which i l l u s t r a t e s  t h e  Av p e n a l t y  
f o r  t h e  c o n d i t i o n s  shown i n  F igure  2 .  The r e q u i r e d  Av's of  
t h i s  f i g u r e  are based on conic t ra jec tor ies .  The C S I  p o i n t  
i s  2 4 5  nm behind t h e  t a r g e t  v e h i c l e ,  and t h e  p e r i g e e  a l t i t u d e  
p r i o r  t o  C S I  i s  1 2  nm below t h e  c o e l l i p t i c  a l t i t u d e .  The AT'S 
cor responding  t o  t h e  t r a j e c t o r i e s  of F igu re  2 are i n d i c a t e d  
on Figure  3 .  

Figure  2 shows the  s i t u a t i o n  when t h e  C S I  d i s t a n c e  
behind t h e  t a r g e t  i s  f i x e d  and AT v a r i e d .  A s i m i l a r  set of 
cu rves  r e s u l t s  when AT i s  f ixed  and t h e  C S I  d i s t a n c e  i s  v a r i e d .  
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Both of  t h e s e  r e s u l t s  are combined i n  F igu re  4 ,  a p l o t  of  t h e  
t i m e  from CSI t o  T P I  vs  t h e  d i s t a n c e  t h e  a c t i v e  v e h i c l e  i s  
behind t h e  t a r g e t  v e h i c l e  a t  C S I  f o r  t h e  1 0  nm c o e l l i p t i c  
o r b i t .  Contour l i n e s  of cons t an t  t i m e  i n  c o e l l i p t i c  o r b i t  
fo l lowing  t h e  CDH maneuver, and c o n s t a n t  r e l a t i v e  p e r i g e e  
a l t i t u d e  i n  t h e  CSI/CDH o r b i t  are shown. Given AT and CSI 
d i s t a n c e ,  F igure  4 can  be used t o  de termine  

-- t h e  p e r i g e e  a l t i t u d e  of  t h e  CSI/CDH o r b i t  
r e l a t ive  t o  t h e  c o e l l i p t i c  a l t i t u d e  ( A r ) ,  and 

-- t h e  t i m e  s p e n t  i n  c o e l l i p t i c  o r b i t  (DTCOE) .  

I n  F igu re  4 t h e  p o r t i o n s  of t h e  graph t o  t h e  l e f t  
of t h e  s o l i d  contour  l i n e  f o r  AR =10 r e p r e s e n t  c o n d i t i o n s  f o r  
which t h e  semi-major a x i s  of t h e  t r a n s f e r  o r b i t  between C S I  and 
CDH i s  l a r g e r  t han  f o r  t h e  c o e l l i p t i c  o r b i t  ( t r a j e c t o r y  C of 
F igure  2 )  and t h u s  t h e r e  i s  a Av pena l ty .  The p o r t i o n  of  t h e  
graph below t h e  so l id  c o n t o u r  l i n e  f o r  DTCOE = 0 ,  r e p r e s e n t  
c o n d i t i o n s  f o r  which t h e r e  i s  i n s u f f i c i e n t  t i m e  al lowed t o  
t r a n s f e r  from C S I  t o  T P I  (nega t ive  t i m e  i s  allowed f o r  t r a n s f e r  
from CDH t o  T P I ) ,  t h u s  t h e  C S I / C D H  t a r g e t i n g  r o u t i n e  i s  unable  
t o  o b t a i n  a s o l u t i o n .  Figure 4 i l l u s t r a t e s  t h e  d e s i r a b i l i t y  of  
having t h e  p e r i g e e  a l t i t u d e  p r i o r  t o  C S I  as l o w  as p o s s i b l e .  
Th i s  a l lows  f o r  a l a r g e r  reg ion  i n  which t h e  C S I / C D H  maneuvers 
w i l l  n o t  i n c u r  Av p e n a l t y ,  and s t i l l  allows f o r  a large phasing 
c a p a b i l i t y .  F i n a l l y  it is  seen t h a t  t h e r e  i s  a r e l a t i v e l y  
narrow AT band for  which t h e  t i m e  i n  c o e l l i p t i c  o r b i t  c o n s t r a i n t  
of t h i r t y  t o  s i x t y  minutes  is s a t i s f i e d .  Genera l ly ,  t h e  
maximum l i m i t  of s i x t y  minutes can be r a i s e d  b u t  t h e  lower . 
l i m i t  of t h i r t y  minutes  i s  r a t h e r  r i g i d .  

A l l  of  t h e  d a t a  d iscussed  above w e r e  f o r  t h e  case of  
t w o  h a l f  p e r i o d s  between C S I  and CDH. A s  t h e  d i s t a n c e  behind 
a t  C S I  and t h e  t i m e  between C S I  and T P I  bo th  i n c r e a s e ,  i t  
becomes necessary  t o  a l low f o r  more h a l f  p e r i o d s  between C S I  
and CDH. A t a r g e t e d  t r a j e c t o r y  f o r  f o u r  h a l f  pe r iods  i s  shown 
i n  F igure  5.  A l l  of  t h e  comments about  Av p e n a l t y  d i scussed  
w i t h  F igure  2 are a p p l i c a b l e  t o  F igure  5.  A se t  of contour  
l i n e s  s i m i l a r  t o  F igure  3 f o r  f o u r  a p s i d a l  c r o s s i n g s  i s  shown 
i n  F igure  6 .  

An impor tan t  po in t  r e l a t e d  t o  CSI /CDH phasing 
ad jus tment  i s  i l l u s t r a t e d  i n  F igu res  2 and 4 and t h i s  p o i n t  
dese rves  s p e c i a l  mention. In  each case i l l u s t r a t e d  i n  
F i g u r e  2 ,  t h e  t i m e  i n t e r v a l  from C S I  t o  CDH i s  j u s t  the 
o r b i t a l  pe r iod  of t h e  t r a n s f e r  o r b i t .  For t h e  t r a j e c t o r i e s  
shown, a l l  o r b i t a l  p e r i o d s  a r e  approximately e q u a l  - being 
a minimum of  5522 seconds f o r  t r a j e c t o r y  D and a maximum of 
5547 seconds f o r  t ra jec tory  C.  F u r t h e r ,  even i f  the p e r i g e e  
of t h e  CSI t o  CDH t r a n s f e r  o r b i t  var ies  as much as 50 nm 
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f r o m  t h e  c o e l l i p t i c  a l t i t u d e ,  t h e  t r a n s f e r  t i m e  from CSI t o  
CDH i s  w i t h i n  5510+28 seconds. Thus, a good approximation 
of t h e  t i m e  s p e n t  i n  c o e l l i p t i c  o r b i t  i s  g iven  by s u b t r a c t i n g  
t h e  approximate CSI t o  CDH t i m e  from t h e  t o t a l  C S I  t o  T P I  
t i m e .  
5510 by t h e  number of f u l l  o r b i t s  from C S I  t o  CDH. 

The approximate C S I  t o  CDH t i m e  i s  g iven  by m u l t i p l y i n g  

Based upon t h e  above approximation,  and F i g u r e  4 ,  
i f  t h e  a c t i v e  v e h i c l e  i s  t o  p re se rve  t h e  t i m e  s p e n t  i n  
c o e l l i p t i c  o r b i t  (30 t o  60 minutes) under t h e  t w o  h a l f  p e r i o d  
f l i g h t  p l a n ,  C S I  apogee must occur  r e s p e c t i v e l y  7310 and 9110 
seconds p r i o r  t o  T P I .  Also ,  t h e  C S I  maneuver should  be a 
minimum of 1 4 1  nm behind t h e  t a r g e t  v e h i c l e  f o r  30 minutes  
i n  c o e l l i p t i c  o r b i t .  For each a d d i t i o n a l  second d e s i r e d  i n  
c o e l l i p t i c  o r b i t ,  t h i s  minimum d i s t a n c e  must be i n c r e a s e d  by 
0.01695 nm i n  o r d e r  t o  a s su re  no Av pena l ty .  From t h e  i n i t i a l  
p o i n t ,  t h e r e  i s  an  a d d i t i o n a l  a l lowable  range  of about  50 nm, 
of a c t i v e  v e h i c l e  d i s t a n c e  behind t h e  t a r g e t  v e h i c l e ,  which 
can be made up wi th  no Av pena l ty  f o r  each 1 0  nm of d i f f e r e n c e  
between t h e  c o e l l i p t i c  a l t i t u d e  and t h e  pre-CSI p e r i g e e  
a l t i t u d e .  

I f  t h e  d i s t a n c e  behind a t  CSI i s  f i x e d ,  and t h e  t i m e  
from C S I  t o  TPI  i s  changed, F igure  4 shows t h a t  t h e  p e r i g e e  
a l t i t u d e  from CSI t o  CDH w i l l  change by about  0 . 0 0 4  nm f o r  
each second change i n  t h e  C S I  t o  T P I  t i m e .  This  change r e s u l t s  
i n  a dec rease  of p e r i g e e  a l t i t u d e  f o r  a dec rease  i n  C S I  t o  
T P I  t i m e .  

For t h e  f o u r  h a l f  pe r iod  f l i g h t  p l a n  (F igu re  6 ) ,  t h e  
C S I  apogee must occur  a t  1 2 8 2 0  and 1 4 6 2 0  seconds p r i o r  t o  TPI  
f o r  30 and 6 0  minutes  i n  c o e l l i p t i c  o r b i t  r e s p e c t i v e l y .  The 
C S I  p o i n t  must be a minimum of about  237 nm behind t h e  t a r g e t  
v e h i c l e  f o r  30 minutes  i n  c o e l l i p t i c  o r b i t ,  and t h i s  d i s t a n c e  
must i n c r e a s e  by about  0.01615 nm f o r  each a d d i t i o n a l  second 
i n  c o e l l i p t i c  o r b i t  i n  order  t o  a s s u r e  no  Av p e n a l t y .  From 
t h e  C S I  p o i n t s ,  t h e r e  i s  then an a d d i t i o n a l  range  of about  
1 0 0  nm of a c t i v e  v e h i c l e  d i s t a n c e  behind t h e  p a s s i v e  v e h i c l e  
which can  be made up wi th  no Av pena l ty  f o r  each 1 0  nm of 
d i f f e r e n c e  between t h e  c o e l l i p t i c  a l t i t u d e  and t h e  pre-CSI 
p e r i g e e  a l t i t u d e .  

The d a t a  of F igures  3 and 5 w e r e  p repared  from 
s i m u l a t i o n  runs  us ing  t h e  UNIVAC 1 1 0 8  v e r s i o n  of t h e  C S I / C D H  
and T P I  t a r g e t i n g  r o u t i n e s .  The d a t a  of F igu res  4 and 7 
w e r e  computed us ing  c o n i c  equat ions  r a t h e r  t han  s i m u l a t i o n  
r u n s ;  however, s e v e r a l  cases w e r e  s e l e c t e d  from F igures  4 and 
7 and compared t o  s imula t ion  runs  us ing  t h e  t a r g e t i n g  r o u t i n e s .  
I n  a l l  tes ts ,  t h e  t a r g e t i n g  r o u t i n e  s o l u t i o n s  agreed.  
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V I .  Unconstrained AH C o e l l i p t i c  Rendezvous 

The cons t r a ined  AH p r o f i l e  of  F igu re  l a  overcomes 
phase errors a t  C S I  by changing t h e  catch-up rate from CSI 
t o  CDH. I n  t h i s  way, t h e  c o r r e c t  e n t r y  p o i n t  i n t o  t h e  
c o e l l i p t i c  o r b i t  i s  obta ined  and t h e  c o r r e c t  TPI  end 
c o n d i t i o n s  a r e  achieved.  The uncons t ra ined  AH p r o f i l e  of  
F igu re  l b  must overcome phase e r r o r s  a t  C S I  by e i t h e r  
( a )  a d j u s t i n g  t h e  catch-up r a t e  i n  c o e l l i p t i c  o r b i t  by 
changing t h e  c o e l l i p t i c  o r b i t  a l t i t u d e ,  o r  (b)  by changing 
t h e  t i m e  between CSI and TPI .  

F igu re  7 i l l u s t r a t e s  t h e  e f f e c t  upon t h e  p r o f i l e  
of F igure  l b  when t h e  t i m e  f r o m  CSI t o  T P I  i s  v a r i e d  f o r  a 
f i x e d  C S I  p o i n t .  The t i m e  f rom C S I  t o  T P I  w a s  changed from 
5000  seconds t o  5 9 0 0  seconds and t h i s  t i m e  d i f f e r e n c e  of 
900 seconds r e s u l t e d  i n  a change of t h e  c o e l l i p t i c  a l t i t u d e  
by 1 . 7  nm so as t o  s l o w  t h e  catch-up ra te  of t h e  a c t i v e  
v e h i c l e .  Comparison of  F igures  2 and 7 i l l u s t r a t e  t h e  e f f e c t  
of errors i n  t i m e  o f  a r r i v a l  a t  a f i x e d  C S I  p o i n t  f o r  t h e  
t w o  p r o f i l e s  of F igure  1. 

I n  F igure  7 ,  t h e  r a t i o  of  change of c o e l l i p t i c  
a l t i t u d e  t o  change i n  t i m e  from C S I  t o  T P I  i s  0 .00189 nm/sec. 
However, if t h e  C S I  p o i n t  had occurred  f u r t h e r  behind t h e  
t a r g e t  v e h i c l e ,  w i t h  a corresponding i n c r e a s e  i n  t h e  C S I  t o  
T P I  t i m e ,  t h e  s e n s i t i v i t y  would be less. T h i s  i s  because 
t h e r e  would have been a l o n g e r  nominal t i m e  s p e n t  i n  c o e l l i p t i c  
o r b i t ,  t hus  a sma l l e r  change i n  c o e l l i p t i c  catch-up r a t e  over  
t h e  longer  t i m e  could produce t h e  same change i n  C S I  t o  T P I  
t i m e  . 

Figure  8 shows t h e  r e q u i r e d  C S I  c o n d i t i o n s  f o r  
a one  h a l f  pe r iod  p r o f i l e  i n  o r d e r  t o  i n s u r e  a 1 0  nm AH 
c o e l l i p t i c  o r b i t .  The s c a l e s  are DCSI - t h e  d i s t a n c e  behind 
a t  C S I ,  and AR - t h e  d i s t a n c e  of C S I  below t h e  t a r g e t  o r b i t .  
Contour l i n e s  f o r  c o n s t a n t  t i m e  i n  c o e l l i p t i c  o r b i t  are 
shown. 
i s  shown as a f u n c t i o n  of AR. Given any two of t h e  t h r e e  
v a r i a b l e s  a t  C S I  (TCSIICDH, DCSI ,AR)  , Figure  8 can  be used t o  
de te rmine  t h e  r e q u i r e d  value of t h e  t h i r d  v a r i a b l e  so t h a t  t h e  
1 0  nm AH c h a r a c t e r i s t i c  i s  obta ined .  

On a s e p a r a t e  curve ,  t h e  t i m e  from C S I  t o  CDH (TCsIICDH) 

As an example o f  t h e  use  of F igu re  8 ,  assume t h a t  
C S I  occurs  200  nm behind and 50 nm below t h e  p a s s i v e  v e h i c l e .  
From Figure  8 ,  t h e  t i m e  i n  c o e l l i p t i c  o r b i t  i s  found t o  be 
2 4 0 0  seconds (from t h e  f a m i l y  of DCSI vs  AR cu rves )  and t h e  
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t i m e  from C S I  t o  CDH i s  2747 seconds (from t h e  ATCsIiCDH 

vs AR c u r v e ) .  Thus t h e  r equ i r ed  t i m e  from CSI t o  T P I  must 
be 5147 seconds i n  o r d e r  t o  i n s u r e  a AH of 1 0  nm. 

The curves  of Figure 8 are given by t h e  fo l lowing  
equat ions :  

= 2775.71 - 0.568 * AR  AT^^ I/CDH 

= 4 2 . 4 0  + 2.33AR + 0.01695 * DTCOE, DCSI 

and from t h e s e  equa t ions  it i s  p o s s i b l e  t o  draw t h e  fo l lowing  
g e n e r a l  conclus ions :  

1. The t i m e  f r o m  CSI t o  CDH i s  approximately c o n s t a n t  
f o r  a large range o f  AR. Thus a change i n  t i m e  from CSI t o  
T P I  r e s u l t s  i n  an almost i d e n t i c a l  change i n  t h e  t i m e  s p e n t  
i n  c o e l l i p t i c  o r b i t .  

2 .  I n  o , rder  t o  allow 1 8 0 0  seconds i n  c o e l l i p t i c  o r b i t  
and ma in ta in  a AH of 1 0  nm, DCSI and AR must s a t i s f y  t h e  
fo l lowing  r e l a t i o n s h i p  

= 72.9  + 2.33 AR, DCSI 

t h u s  a minimum va lue  f o r  DCSI i s  about  96 nm f o r  AR = 1 0  nm. 

o r b i t  w i th  AH = 1 0  nm and a g iven  v a l u e  of AR, t h e  d i s t a n c e  
behind  a t  C S I  must be inc reased  by 0.01695 nm, and t h e  t i m e  
from C S I  t o  T P I  must also be i n c r e a s e d  by one second. 

3 .  For each a d d i t i o n a l  second d e s i r e d  i n  c o e l l i p t i c  

I f  o f f  nominal cond i t ions  should occur  a t  C S I ,  t h e n  
t h e  e f f e c t  w i l l  be t o  change t h e  c o e l l i p t i c  a l t i t u d e ,  t h e  
e n t r y  p o i n t  i n t o  t h e  c o e l l i p t i c  o r b i t ,  and t h e  t i m e  i n  c o e l l i p t i c  
o r b i t .  Table  1 shows t h e  e f f e c t  upon AH when a downrange 
error occurs a t  C S I  (DCsI) b u t  the t i m e  t o  go CATCSI/TpIl 
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i s  t h e  r e q u i r e d  nominal value.  The t a b l e  i s  f o r  AR ove r  t h e  
range 1 0  t o  1 0 0  nm and t h e  nominal t i m e  ATCsI/TpI and d i s t a n c e  

a r e  taken  a s  t h a t  r equ i r ed  f o r  t h e  s p e c i f i c  va lue  of AR 

and f o r  AH = 1 0  nm. I f  t h e  v a r i a t i o n  i n  DCSI i s  such t h a t  t h e  
a c t i v e  v e h i c l e  i s  closer t o  t h e  p a s s i v e  v e h i c l e  ( v a r i a t i o n  i s  
n e g a t i v e ) ,  t h e n  t h e  c o e l l i p t i c  catch-up ra te  m u s t  be decreased  
and thus  AH i s  decreased .  The r e v e r s e  i s  t r u e  i f  t h e  v a r i a t i o n  
in DCSI i s  p o s i t i v e .  

DCSI 

TABLE 1 

Allowable v a r i a t i o n  i n  va lue  of  

and AH cons t r a ined  t o  t h e  l i m i t s  
[ 8 ,  121 nm, and [ 6 ,  1 4 1  nm 

f o r  nominal  v a l u e  of ATCsIlTpI D C S I  

Allowable V a r i a t i o n  i n  DCSI (nm) 

A H E  [ 8 ,  1 2 1  nm AHE [ 6 ,  1 4 1  nm 

Nominal 
DTCOE (sec) 

~~~ 

+29.11 

+41.31 

+26 .76  - +53.51 

1 8 0 0  - +14.56 - 

3600 - +20 .66  - 

5400  - 

I t  should  be n o t e d  t h a t  t h e  a c t u a l  t i m e  i n  c o e l l i p t i c  
o r b i t  w i l l  be  w i t h i n  about  t h r e e  seconds of t h e  nominal t i m e  
f o r  t h e  cases i n  Table  1. Note t h a t  symmetrical  v a r i a t i o n s  i n  

AH about  i t s  nominal va lue .  Furthermore,  t h e  t o l e r a n c e  on 
v a r i a t i o n s  i n  D 

about  i t s  nominal value produces symmetrical  v a r i a t i o n s  i n  D C S I  

v a r i e s  l i n e a r l y  wi th  t h e  t o l e r a n c e  on A H .  C S I  

I f  off nominal a r r i v a l  t i m e  a t  C S I  should occur ,  
t h e n  aga in ,  t h e  c o e l l i p t i c  a l t i t u d e  w i l l  be changed. Table  2 
shows t h i s  e f fec t ,  f o r  t h e  range of AR between 1 0  and 1 0 0  nm 
a t  C S I .  For  each c a s e ,  t h e  d i s t a n c e  behind a t  C S I  and t i m e  
t o  go from CSI t o  T P I  w e r e  f i r s t  e s t a b l i s h e d  i n  o r d e r  t o  
ach ieve  t h e  nominal AH of 1 0  nm and t h e  i n d i c a t e d  nominal 
t i m e s  i n  c o e l l i p t i c  o r b i t .  
v a r i a t i o n  i n  t h e  nominal t i m e  from C S I  t o  T P I  i n  o r d e r  t o  
ho ld  AH w i th  a v a l u e  reasonably c l o s e  t o  1 0  nm. S ince  Table  2 
does  n o t  e x h i b i t  t h e  l i n e a r i t y  nor  the symmetry of Table  1, 
t h e  d a t a  of Table 2 are p l o t t e d  i n  F i g u r e  9 .  

The t a b l e  shows a l lowab le  maximum 
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TABLE 2 

Allowable v a r i a t i o n  i n  v a l u e  of  AT^^^/^^^ for nominal v a l u e  of 

and A H  cons t r a ined  t o  t h e  
L i m i t s  [ 8 ,  121  and [6 ,  1 4 1  nm 
D C S I  

Allowable V a r i a t i o n  i n  ATCsIlTpI Nominal 
DTCOE 

A H €  [ 8 ,  1 2 1  nm AH€ [ 6 ,  1 4 1  nm 

1 8 0 0  

3600 

5400 

[1073, -7161 [2864, -12271 

[1524, -10161 [4036, -17421 

[1974, -13161 [5264, -22561 

An i n c r e a s e  i n  ATCsIlTpI r e s u l t s  i n  a r e q u i r e d  

The r e v e r s e  is t r u e  f o r  a dec rease  i n  ATCsIlTpI. 
slower catch-up ra te  i n  c o e l l i p t i c  o r b i t  and t h u s  a dec rease  
i n  AH. 

A l s o ,  any change i n  t h e  t i m e  from C S I  t o  T P I  r e f l e c t s  d i r e c t l y  
i n t o  changing t h e  t i m e  s p e n t  i n  c o e l l i p t i c  o r b i t .  Thus t h e  
a c t u a l  t i m e  spen t  i n  c o e l l i p t i c  o r b i t  can be  determined i n  
Table  2 by adding t h e  change i n  ATCsIlTpI t o  t h e  nominal 

v a l u e  of  DTCOE. 

I t  i s  t h u s  s e e n  from Table 2 t h a t  extreme c a s e s  of 
t i m e  i n  c o e l l i p t i c  o r b i t  can r e s u l t .  For example, i f  t h e  
nominal DTCOE i s  1 8 0 0  seconds and C S I  occu r s  1 2 2 7  seconds 
l a t e ,  t h e  c o e l l i p t i c  a l t i t u d e  w i l l  be  1 4  nm wi th  only about  
573 seconds spen t  i n  c o e l l i p t i c  o r b i t .  

The d a t a  of  F igure  7 are from UNIVAC 1 1 0 8  s i m u l a t i o n  
runs  us ing  t h e  CSI/CDH and TPI t a r g e t i n g  r o u t i n e s .  The d a t a  
of F igu re  8 and of Tables  1 and 2 are from con ic  equa t ions  
r a t h e r  t han  s imula t ion  runs.  H o w e v e r ,  s e v e r a l  of t h e s e  cases 
w e r e  s e l e c t e d  and tes t  runs  were made wi th  t h e  s imula to r .  
I n  a l l  tes ts ,  t h e  t a r g e t i n g  r o u t i n e  s o l u t i o n s  agreed.  

V I I .  Conclusions 

The cons t r a ined  A H  p r o f i l e  w i th  t w o  h a l f  p e r i o d s  
between C S I  and CDH has  t h e  fo l lowing  requirements  i n  o r d e r  
t o  a s s u r e  no Av p e n a l t y :  
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1. CSI must occur  a minimum of about  1 4 1  nm 
behind t h e  t a r g e t  v e h i c l e  i n  o r d e r  t o  allow 1800 seconds 
i n  c o e l l i p t i c  o r b i t .  

2 .  The t r a n s f e r  t i m e  from C S I  t o  CDH i s  e s s e n t i a l l y  
c o n s t a n t  and can be approximated by 5510 seconds.  Thus 
t h e  minimum r e q u i r e d  t i m e  from C S I  t o  T P I  i s  about 7310 
seconds i n  o r d e r  t o  a l low 1 8 0 0  seconds i n  c o e l l i p t i c  o r b i t .  

3 .  For each a d d i t i o n a l  second d e s i r e d  i n  c o e l l i p t i c  
o r b i t ,  t h e  minimum d i s t a n c e  behind a t  CSI must be  i n c r e a s e d  
by a t  l e a s t  .01695 nm, and t h e  t o t a l  t r a n s f e r  t i m e  from C S I  
t o  T P I  must be i n c r e a s e d  by one second. 

4 .  The minimum d i s t a n c e  behind a t  C S I  can be 
i n c r e a s e d  by an a d d i t i o n a l  range of  50 nm f o r  each 1 0  nm 
of d i f f e r e n c e  be tween  t h e  c o e l l i p t i c  a l t i t u d e  and t h e  pre-CSI 
p e r i g e e  a l t i t u d e  wi thou t  changing e i t h e r  t h e  t o t a l  t i m e  from 
C S I  t o  T P I  o r  t h e  t i m e  i n  c o e l l i p t i c  o r b i t .  

The conc lus ions  with r e s p e c t  t o  t h e  uncons t ra ined  
AH p r o f i l e  w i th  one  h a l f  pe r iod  between C S I  and CDH i n  o r d e r  
t o  achieve  t h e  nominal AH of 1 0  nm a r e :  

1. CSI must occur  a minimum of 96  nm behind t h e  
t a r g e t  v e h i c l e  i n  o r d e r  t o  al low f o r  1 8 0 0  seconds i n  c o e l l i p t i c  
o r b i t .  

2 .  The t r a n s f e r  t i m e  from C S I  t o  CDH i s  e s s e n t i a l l y  
c o n s t a n t  and can be  approximated by 2755 seconds.  Thus t h e  
minimum r e q u i r e d  t i m e  f r o m  C S I  t o  T P I  i s  about  4555 seconds 
i n  o r d e r  t o  a l low 1 8 0 0  seconds i n  c o e l l i p t i c  o r b i t .  

3 .  These t w o  conclus ions  are f o r  t h e  case of C S I  
o c c u r r i n g  1 0  nm below t h e  pas s ive  v e h i c l e .  For each 
a d d i t i o n a l  nm dec rease  i n  the  C S I  a l t i t u d e ,  t h e  d i s t a n c e  
behind  a t  C S I  must i n c r e a s e  by 2.33 nm and t h e  t i m e  t o  T P I  
must dec rease  by about  0 . 6  seconds t o  i n s u r e  AH = 1 0  nm and 
1 8 0 0  seconds i n  c o e l l i p t i c  o r b i t .  

4 .  For each a d d i t i o n a l  second d e s i r e d  i n  c o e l l i p t i c  
o r b i t ,  t h e  m i n i m u m  d i s t a n c e  behind a t  C S I  must be i n c r e a s e d  
by 0.01695 nm,  and t h e  t r a n s f e r  t ime from CSI t o  T P I  must b e  
i n c r e a s e d  by one second. 

5.  For a nominal t i m e  t o  go from C S I  t o  T P I ,  v a r i a t i o n  
i n  t h e  nominal DCSI w i l l  produce symmetrical  v a r i a t i o n s  i n  

AH about  i t s  nominal, b u t  w i l l  n o t  change t h e  nominal time 
s p e n t  i n  c o e l l i p t i c  o r b i t .  This  i s  t r u e  r e g a r d l e s s  of t h e  
distance below a t  C S I .  Table 1 presen ted  t h e  d a t a .  
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6 .  For a nominal d i s t a n c e  behind a t  C S I ,  v a r i a t i o n s  i n  
t h e  nominal ATCsI,TpI produce unsymmetrical v a r i a t i o n s  i n  AH 

about  i t s  nominal v a l u e ,  and d i r e c t l y  changes t h e  t i m e  s p e n t  
i n  c o e l l i p t i c  o r b i t .  This  i s  t r u e  r e g a r d l e s s  of  t h e  d i s t a n c e  
below a t  CSI. Table 2 and Figure 9 p r e s e n t e d  t h i s  d a t a .  

The above d a t a  are f o r  a t a r g e t  o r b i t  of 2 2 0  nm 
w i t h  a 1 0  nm c o e l l i p t i c  a l t i t u d e  d i f f e r e n c e .  The b a s e l i n e  
f o r  AAP i s  now f o r  a t a r g e t  o r b i t  of 235 nm; however, tes ts  
i n d i c a t e  t h a t  t h e  above r e s u l t s  are w i t h i n  t h r e e  p e r c e n t  of 
t h e  r e s u l t s  f o r  a 235 nm ta rge t  o r b i t .  The g e n e r a l  conc lus ions  
are t r u e  f o r  both 235 nm and 220  nm o r b i t s .  

$. C. Ip. 0. Guffe H+pe 4. 
4 R. C.  Purkey 

Attachments 
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FIGURE 1. POSSIBLE RENDEZVOUS PROFILE FOR CSI/CDH TARGETED RENDEZVOUS 
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